INTRODUCTION
============

As coronary artery bypass (CAB) was expanding in the 1970\'s, there were occasional instances in which the saphenous vein (SV) was unavailable and the internal thoracic artery (ITA) was not widely accepted and surgeons were exploring for other potential conduits. The radial artery (RA) was first used in Paris but patency was so poor by one year that it was abandoned \[[@B1]-[@B3]\]. It was resurrected concomitant with the introduction of the right gastroepiploic artery (GEA) in the late 1980\'s \[[@B4]\]. Use of the RA expanded more rapidly and widely than that of the GEA but the latter has enjoyed a late surge as harvesting technique was modified, the effects of competitive coronary flow on patency were recognized and long term patency improved. The inferior epigastric artery (IEA) was also introduced in that era but was limited by short length and the need for an abdominal incision, even though extraperitoneal. After initial enthusiasm it has been infrequently employed.

RADIAL ARTERY
=============

Carpentier introduced the RA and then reintroduced it on the basis that the calcium blocker, diltiazem, was necessary to treat conduit spasm which was thought to be responsible for poor patency \[[@B1]-[@B4]\]. Today many do not use diltiazem either intraoperatively or long term. Initially RA spasm was managed intraoperatively by dilating the spastic graft with probes and/or hydrostatically which likely destroyed or functionally impaired the endothelium with loss of nitric oxide (NO) synthesis. In defense of these practices it must be recognized: that the role of the endothelium in vasomotion was not understood in the 1970\'s; that the media of the RA is more massive than that of the ITA\'s and the spasm more intense; and that the role of NO was not recognized until the 1980\'s. Surgeons gradually improved their techniques of conduit harvest, adapted pharmacologic treatment of spasm during and after harvest, and abandoned practices which were injurious to the endothelium as the importance of this organ was understood. Thus, the role of NO release at a basal level to maintain a physiologic lumen and which is modulated by shear stress to acutely increase or decrease diameter 10% to 15% and result in vessel remodeling when the change from baseline becomes chronic is now evident.

1) Radial artery harvest
------------------------

There was initial concern that RA harvest could result in hand ischemia which may occur when the deep palmar arch, which links the RA with the ulnar artery, is not well developed. For this reason some surgeons will not harvest the RA from the dominant arm, a practice we have not adhered to. Allen\'s test was devised to assess the ability of the ulnar artery to adequately supply the hand without the RA which it fails to do in about 5%. Both arteries are compressed at the wrist using three digits to compress a long segment of distal RA which could provide a collateral branch which might provide a falsely negative test. The patient is told to make a tight fist and after 60 seconds the ulnar artery is released while the RA remains occluded. The seconds to capillary refilling of the palm and digits, particularly the thumb which is farthest from the ulnar artery are counted. At the beginning we used five seconds as the cut off but this was quickly increased to 10 seconds and later to 12. If the result is equivocal or even 15 seconds the test is repeated and 50% of the time it will be clearly negative. In the first 1,000 patients bilateral Allen testing revealed that of those with a positive test it was bilaterally positive in one-half which precluded RA harvest. In a personal experience with 1,360 RA harvests there has been no hand ischemia.

A long incision over the RA from the wrist crease to the brachial artery bifurcation has a small ulnar deviation in its middle third to accommodate the brachioradialis muscle and the sensory nerve of the same name which lies just superficial to the fascia. No touch technique with regard to the RA because of its propensity for spasm is important. Starting in the proximal distal third a pedicle of fatty-areolar tissue, vein and artery is developed using sharp and blunt dissection and low current (range, 15 to 20 watts) electrocautery and encircled with a tape (silastic, rubber, or cotton). Initially we utilized usual dissection with rare use of cautery because of fear of encouraging spasm and branches were controlled with clips. Later we adapted ultrasound (Harmonic Scalpel) for dissection and branch control without clipping which was expedient \[[@B5]\]. Subsequently coagulating forceps were tried and we learned that dissection with the nonactivating blade of the open forceps was feasible and faster and that branch bleeding became nearly extinct. With gentle traction the pedicle is developed in both directions, to the wrist crease distally and to the brachial bifurcation proximally. If maximal length is desired the ulnar artery should be identified and appropriate venous branches divided. Distally the dissection becomes more tedious and should move close to the artery to avoid other structures. A suture ligature is our preferred method for control of the proximal and distal vessel and heparin is not given prior to this. The artery is placed in room temperature, heparinized blood with papaverine, 0.5 mg/mL. Hemostasis is obtained and the incision closed with the deepest layer being the subcutaneous fascia, and not the muscle fascia. Closure of the latter may lead to forearm muscle necrosis which has been reported in a few cases of late contracture of the hand. This appears to be secondary to a compartment syndrome as this closure results in the compartment being smaller than normal and obligatory postoperative edema and/or bleeding leads to increasing pressure and ischemic muscle necrosis. About 1% of patients have required reopening of the incision after protamine but before leaving the operating room to achieve hemostasis. In the intensive care area less than another 1% have required removal of some cutaneous sutures for dermal and/or subcutaneous bleeding. After a wound bandage and a gauze wrap the forearm is wrapped with an elastic bandage and tucked at the patients side or sometimes left on the arm board at 90 degrees or less abduction.

We frequently employ the RA as a T-graft which requires maximum length. The RA is measured *in situ* prior to excision and in the male is 20 to 24 cm and 2 cm less in the female. It is helpful for the surgeon to have this information in operative planning which when combined with experience allows prediction of adequate conduit length in most situations. Based on the aorta the RA will reach any point on the heart which is not always true of the other arterial conduits. Sequential anastomosis may require additional length depending on anatomy and disease which determine precise anastomotic sites and routing.

Endoscopic harvest has been reported by few with excellent patency \[[@B6]\]. However reported injury to the SV with reduced patency raises concern as does the propensity for spasm although seemingly well managed pharmacologically. Whether the full length of the RA can be readily harvested in this way has not been determined. Perhaps most important is operator competence in obtaining a conduit free of injury which has been a problem with endoscopic SV harvest \[[@B7]\].

2) Harvest related complications
--------------------------------

Hand ischemia has not been recognized in our experience and less than five case reports exist. If a properly executed Allen test has been negative, this should not occur unless there is an untoward operative event. Forearm muscle necrosis has been a similar rare event and as indicated above should not occur with appropriate wound closure and appreciation that severe forearm pain is the sign of muscle ischemia and requires prompt surgical decompression.

In 10% or less there may be surgical injury of the superficial branch of the radial nerve which results in sensory impairment at the base of the thenar eminence and may also involve the dorsum of the proximal thumb. This nerve arises from the radial nerve in its middle third and has a course parallel to and toward the radial side of the RA until immediately proximal to the flexor retinaculum where it crosses in front of the RA and is most vulnerable. The tactile loss does not impair function because the palmar surfaces of the hand and digits are not involved \[[@B8]\]. Our incidence may be higher because of the need for maximum length to facilitate T-grafting.

Equally common or more so is surgical trauma to the brachioradialis nerve which is sensory to the skin of the mid-dorsal forearm toward the radial side. This nerve courses from the mid radial nerve along the border of the brachioradialis muscle to a deep subcutaneous position; it can be avoided by a middle third curve in the skin incision toward the ulnar side and keeping the dissection toward the ulnar side as the brachioradialis muscle is dissected to expose the RA.

Exceedingly rare is the diminutive RA which is replaced by a large median artery lying adjacent to the median nerve which would be vulnerable to harvest related injury. The median nerve is anatomically remote to the RA and we have not recognized harvest related injury which could possibly occur as a manifestation of an acute carpal tunnel syndrome secondary to induced edema/hemorrhage if the RA is mobilized to the flexor retinaculum. Not strictly a complication of RA harvest but nevertheless seen after cardiac operations is sensory loss in the ulnar nerve distribution as a result of pressure on the nerve at the olecranon which may result from improper positioning and/or padding in the operating room or subsequently and is almost always reversible.

3) Radial artery grafting
-------------------------

As an aorto-coronary graft the proximal anastomosis is frequently made after the distal but some reverse this sequence. Either way the graft is filled with heparinized blood containing papaverine 0.5 mg/mL and a soft vascular bull dog placed at the end so that the drug remains in the vessel as long as possible. The length advantage of the RA over the other arterial conduits permits grafting any distal site on the heart. It is commonly combined with other arterial conduits in which case the internal thoracic arteries would be placed to the most important targets and if only the left ITA is grafted to the anterior descending artery the RA would go to the next ranking artery. The RA would be preferentially selected over the SV unless the target was the right coronary and did not have a 90% stenosis in which case competitive coronary flow would significantly diminish RA patency.

The end-to-side coronary anastomosis is made as described for the ITA with a 2.5 to 5.0 mm coronary incision at the healthiest site and a 1.5 to 3 mm incision in the end of the RA. The suture line is initiated at the heel of the anastomosis and continued in either direction to complete the anastomosis or both sutures may be used. The unconnected aortocoronary graft is gently pressurized with heparinized blood/papaverine (0.5 mg/mL) solution to check anastomotic hemostasis and a soft bulldog clamp placed at the proximal end.

Side-to-side anastomosis can be made before or after the end anastomosis. It is optimal to fashion a parallel anastomosis but a crossing (right angle) anastomosis is feasible if the RA is 2.5 mm or larger and the surgeon is experienced with parallel anastomosis. A 1.5 to 2.5 mm longitudinal incision in the coronary is mated with a slightly shorter incision in the RA. Using parachute technique the suture begins at the coronary heel and continues bidirectionly until 60% is completed and the suture tightened before completion of the anastomosis. Adventitial-epicardial (tacking) sutures of 6-0 polypropylene are placed to prevent shifting of the graft with angulation, which might restrict flow, before it is fixed by fibrin formation. Appropriate position of the anastomoses and the graft may allow a relatively straight course between anastomoses and avoid the use of tacking sutures. This is facilitated by crossing anastomosis but even with it there may be a curve, S-curve or occasionally 180 degree loop which requires greater length to achieve and also more tacking sutures.

Composite grafting with the RA was introduced by Calafiore who used it as a Y-graft from the left ITA, usually for the lateral wall and without sequential grafting, and has reported excellent long term results \[[@B9],[@B10]\]. To graft additional targets he created secondary and, if necessary, tertiary Y-grafts using the RA, IEA, GEA, or right ITA. Tector practiced T-grafting which differed from the Y-graft of Calafiore by use of the right ITA to graft multiple arteries in the lateral and inferior walls which we have adapted for the RA ([Fig. 1](#F1){ref-type="fig"}) \[[@B11],[@B12]\]. This technique requires sequential grafting whereas the Y-graft supplied multiple targets via additional Y-grafts.

Most prefer to use the RA as an aortocoronary graft and not a composite. A primary reason for this preference is concern that the composite graft may not supply adequate flow to such a large branched system and hypoperfusion could occur, particularly at times of higher flow demand. However there are data which support the hemodynamic adequacy of composite grafts which are presented below. Intraoperative and late postoperative hemodynamic studies suggest that the T-graft, with either ITA or RA, has resting flow and coronary flow reserve which is within the normal range which is the result of physiologic vasodilation and conduit remodeling \[[@B14]-[@B20]\]. The complexity of the T-graft versus a Y-graft is another reason why it is not favored.

4) Radial artery graft flows
----------------------------

The RA is of greater diameter, but longer, than the ITA and should have adequate flow capacity except for the issue of conduit spasm which has plagued it since its initial use when harvest induced spasm was treated with mechanical dilation using probes or hydrostatic force which damaged the endothelium. Reintroduction of the RA was associated with intraoperative use of diltiazem to treat/prevent spasm and avoid mechanical dilation which preserved functional endothelium with basal and flow stimulated elaboration of NO \[[@B14],[@B15]\]. It was thought by many that diltiazem was critical to the success of the RA and it was continued long term. We believed that diltiazem was incidental to atraumatic harvest with preservation of functional endothelium and have not used it at any time but we treat harvest spasm with intraluminal papaverine diluted in blood which is done with all arterial conduits \[[@B12]\]. Intraoperative conduit flow is routinely measured and the RA always provides flow comparable to an ITA graft but when there are multiple targets, usually with a T-graft configuration, there is the possibility of inadequate flow which however has rarely been documented \[[@B16]\]. Intraoperative flow has been of appropriate magnitude (left ITA limb, 60±43 mL/min and RA limb, 88±49 mL/min) in the T-grafted RA and compared favorably with aortocoronary RA flow \[[@B17]\]. Coronary flow reserve has been measured in RA T-grafts one week and six months postoperatively and increased from 1.8 to 2.5 \[[@B18]\]. Similarly there was adequate flow at rest and with maximal hyperemia throughout two years of serial study \[[@B19]\]. Other studies of flow adequacy in composite RA grafts have not revealed evidence of myocardial ischemia at rest or with stress \[[@B20],[@B21]\]. Initial physiologic vasodilation and subsequent conduit remodeling achieve definitive flow adequacy of the RA composite graft in which the limiting link is actually the proximal left ITA which must supply both conduits and theoretically the entire myocardium if the right coronary and left main were occluded \[[@B22]\]. This of course has been a major consideration of the T-graft composite configuration but with 20 years of experience this potential limitation has not surfaced as a reality assuming no technical or procedural errors or mishaps.

5) RA graft patency
-------------------

Patency will never compare with that of the left ITA to the left anterior descending (LAD) artery which is the best target and will almost always be grafted with the best conduit but if the RA were used I believe at this time that it would compare favorably if fractional flow criteria for revascularization (\<0.8) were met. It has been common to compare RA patency with that of the SV because after the ITA\'s the vein and the RA are frequently the options. A meta-analysis conclusively demonstrates that intermediate and long term patency of the RA is better \[[@B23]\]. Patency for aortocoronary or composite RA grafts has been similar \[[@B24]-[@B26]\]. Numerous reports indicate that competitive coronary flow has a significant influence on arterial conduit patency, particularly for the RA and right coronary \[[@B27]\]. The weight of the evidence indicates that the coronary stenosis should be at least 70% for left coronary vessels and 90% for the right coronary, and probably the left main although there are not specific data for the latter \[[@B28]\]. If the right coronary diameter is small, that is similar to the LAD and/or circumflex branches, then grafting with a 70% to 90% stenosis may be appropriate. The apparent reason for reduced patency in the right system is the frequently greater diameter which translates into a much larger residual lumen for any per cent stenosis such that a 80% stenosis in a 5 mm vessel leaves a residual lumen of 0.88 mm^2^ compared with a lumen of 1.76 mm^2^ in a 1.5 mm vessel and 3.1 mm^2^ in a 2.0 mm vessel \[[@B29]\]. Overall ten year patency for free or composite RA grafts is 63% to 77% \[[@B25],[@B29],[@B30]\]. When the indication for angiography was clinical presentation patency was 63% to 74% \[[@B25],[@B29]\]. It is likely that our patency was reduced by grafting vessels with a stenosis of 50% or more with the RA until 2001 \[[@B25]\].

6) Outcomes with the radial artery
----------------------------------

Patient satisfaction after RA harvest has been more than satisfactory \[[@B31]\]. Wound complications have been few and mild except for the catastrophic problem of forearm flexor muscle necrosis which I believe is a compartment syndrome created by closure of the muscle fascia and is avoided by closing only the deep subcutaneous fascia \[[@B32]\]. Sensory disturbance persists in 8% to 10% but usually involves the dorsum of the thumb or mid-distal forearm related to the superficial branch of the radial nerve or a branch of the brachioradialis nerve and rarely involves a motor nerve \[[@B8]\]. Ulnar nerve sensory disturbance is secondary to pressure near the elbow and is not specific to RA harvest. Endoscopic harvest has provided satisfactory RA performance but no advantage other than cosmetic and concerns about conduit quality remain \[[@B7]\].

Harvest of the RA leaves the forearm dependent on the ulnar artery for most of its blood supply and one report raised concerns about increased hemodynamic stress resulting in accelerated atherosclerosis \[[@B33]\]. Subsequent observations have not found evidence to support this contention but rather appropriate ulnar remodeling, resting flow increase and preservation of flow mediated vasodilation, an indicator of endothelial health \[[@B34],[@B35]\].

Survival benefit with bilateral ITA grafting over left ITA grafting is accepted by most as is their superior patency although the RA grafted to the LAD or the lateral wall has patency which is non-inferior to the right ITA whether *in situ* or as a composite graft. The RA then is supplemental to the two ITA grafts and it is appropriate to consider all arterial revascularization using these three conduits.

There are few long term studies and none are randomized but one report with propensity score analysis and 15 year follow-up of bilateral ITA/RA (n=147) and left ITA/RA (n=169) had greater survival (84% and 78%, p\<0.001) versus left ITA/SV \[[@B36]\]. In multivariate analysis multiple arterial grafts remained a strong independent predictor of survival (hazard ratio, 0.79; 95% confidence interval, 0.66 to 0.94; p=0.007) \[[@B37]\]. A retrospective, nonrandomized, propensity matched study compared left ITA/SV with left ITA/RA and found significantly improved survival at 10 years for males and females with RA use but survival benefit was greater in males \[[@B38]\]. Females received survival benefit from RA over SV at five years in a retrospective, propensity matched analysis \[[@B39]\]. Elderly patients (75±4 years) propensity matched and receiving left ITA/SV or left ITA/RA had improved survival with RA (50.5% vs. 70.9%) at 10 years \[[@B40]\]. Clinical outcomes and patency were nearly identical for the RA or right ITA used as a Y-graft from the left ITA to the lateral wall \[[@B10]\].

All arterial grafting in 400 patients (95% with RA) done off-pump and with \"no-touch\" aorta achieved lower rates of major adverse cardiovascular or cerebrovascular events and better survival at four years than in the synergy between percutaneous coronary intervention with taxus and cardiac surgery (SYNTAX) \[[@B41]\]. This important report by SYNTAX participants reflects expertise and benefit of all arterial which has proven elusive. All arterial with two conduits (left ITA/RA) has been safe with one month mortality and sternal infection rates of \<1% \[[@B42]\].

RIGHT GASTROEPIPLOIC ARTERY
===========================

Independently introduced in 1987, at two sites, the GEA enjoyed a gradual expansion of its popularity which has not approached that of the ITA or RA but has been greater in Asia than elsewhere \[[@B43],[@B44]\]. It has been primarily used *in situ* with a recent trending toward use as a free graft based on the aorta or as a composite from another arterial graft. Using it *in situ* and combining it with two *in situ* ITA grafts provides no touch (of the aorta), all arterial revascularization. No touch can also be achieved by using it as a composite. Free grafting arguably provides better inflow than a fourth order (coeliac\>hepatic\>gastroduodenal\>gastroepiploic) branch and avoids traversing the diaphragm which occasionally is suboptimal.

The initial 10 year patency was no better than for SV and although this may have reflected the \"learning curve,\" it was also the result of competitive coronary flow particularly from a large right coronary which did not have a 90% or more stenosis. As noted above for the RA these are both muscular arteries with few elastic fibers and prone to spasm. Just as the RA to the right coronary has poor patency when there is not a high grade stenosis the GEA is equally vulnerable and for this reason demands scrutiny of the culprit lesion.

1) Gastroepiploic artery harvest
--------------------------------

The sternotomy incision is extended 4 to 6 cm beyond the tip of the xiphoid, through the midline fascia and some would incise the diaphragm vertically which we have found unnecessary. With minimally invasive approaches to coronary bypass the GEA may be reached with an upper midline incision. The sternal spreader may be moved inferiorly and/or an abdominal retractor is placed. Traction on the stomach and omentum will expose the mid segment of the GEA and vein. Early the GEA was harvested as a bulky pedicle with mass ligatures or oversized clips but there has been a movement away from this which reached skeletonization in 1998 \[[@B45]\]. This technique provides a longer conduit which is easily inspected for quality and spasm and is easier to pass through the diaphragm \[[@B46]\]. The branches tend to be more fragile than those of the ITA and RA. Vessel loops facilitate handling of the GEA and exposure of branches and dissection has moved on from blunt, with scissors and cautery to the Harmonic Scalpel with coagulating shears which provides more secure and expeditious branch control than does the hook tip blade which is used for ITA harvest \[[@B47]\]. Dissection from the mid segment is continued to the pylorus with division of several pyloric branches but taking care not to violate the pancreas beyond this point.

Dissection to the left usually reaches the short gastric vessels but depends on the length needed and also the caliber of the artery. The GEA, even with gentle handling, is always in some degree of spasm so its definitive caliber, after dilation, may be significantly greater than it appears before. At this point with the artery divided it is appropriate to check free flow which again is usually diminished because of spasm. The artery is cannulated and filled with heparinized blood and papaverine 0.5 mg/mL and also wrapped in a pad wet with saline/papaverine.

2) Gastroepiploic artery grafting
---------------------------------

Routing is usually anterior to the stomach but may also be posterior which is only slightly shorter to the left side but longer to the LAD. It usually passes anterior to the left lobe of the liver but may be posterior and the left lobe may be mobilized from the diaphragm if necessary. A cruciate incision is made because a linear incision will narrow with diaphragmatic contraction. The opening is positioned to allow a parallel approach to the anastomosis which is over the atrioventricular groove and anterior to the inferior vena cava when the posterior descending artery is the target. More precise localization may be achieved by retraction of the right side of the heart to visualize the target vessel and as the heart is lowered the course of the graft visually plotted to locate the ideal point for pericardial space entry for the GEA.

A 3 to 4 mm incision is made in the healthiest segment of the target vessel and the graft shortened if excessive but leaving sufficient length to avoid angulation at the diaphragm and allow for gastric filling. The GEA is transected and spatulated for end-to-side anastomosis which is initiated at the heel and continued to the toe on the side most difficult to access before completing the second side with one or both suture limbs. When there is a second (sequential) anastomosis the proximal anastomosis may be parallel or crossing depending on the relationship of the two targets and conduit length \[[@B12]\]. As with the other arterial conduits it should be secured to the epicardium with 6-0 or 7-0 polypropylene suture.

Occasionally the GEA is grafted to the LAD or to circumflex branches depending on conduit availability and length. The free graft may be a better choice or the only choice for these alternative targets if the GEA were too small or too short. Preferential free grafting is increasingly utilized and if from the aorta it is best to use a vein hood or vein patch because the GEA is usually of smaller caliber and more fragile than the other arterial grafts \[[@B12]\].

3) Gastroepiploic artery flow
-----------------------------

Reports of GEA graft flow are few compared to other grafts. In essence the GEA flow rates are comparable to the others and dependent on coronary size, atherosclerotic burden, amount of viable myocardium supplied, the presence of competitive flow, and hemodynamics. Vein or GEA grafts to the right coronary had similar flow rates at rest and after injection of papaverine 10 mg into the graft when coronary stenosis was greater than 75% but if the stenosis was 50% to 75% flow in the GEA was significantly less (p=0.001). Comparison of flow for vein graft and *in situ* GEA revealed no difference at rest or after injection of papaverine 10 mg into the graft when the coronary stenosis was greater than 75%; if stenosis was 50% to 75% flow was significantly less in the GEA \[[@B47]\]. Comparison of GEA and right ITA as composite grafts from the left ITA to the lateral wall revealed similar flow patterns at rest \[[@B47]\]. Intraoperative assessment of graft flow in all arterial grafting revealed no significant differences between ITA and GEA grafts but with the recognized differences in flow patterns between right and left side directed grafts \[[@B48]\].

4) Gastroepiploic artery graft patency
--------------------------------------

The initial report of 10 year patency of 62.5% was no better than for vein \[[@B49]\]. A later report indicated significantly better patency \[[@B50]\]. This improvement was related to skeletonization of the GEA, more vigorous treatment of harvest related spasm and selection of target arteries with more severe stenosis to reduce competitive flow. Skeletonization may be associated with less conduit injury although intuitively it might seem more likely to traumatize the artery; it does provide visualization of artery damage and if necessary rejection and also appreciation of spasm and the need for vigorous pharmacologic therapy of it. It provides a longer, larger artery which facilitates anastomosis and reduces later spasm and hypoperfusion. Many surgeons have their preference for pharmacologic management and I continue to prefer intraluminal papaverine diluted in blood (0.5 mg/mL) which will buffer the pH to a physiologic level while saline, which has no buffering capacity will damage endothelium. Additionally it is useful to wrap the skeletonized artery in a gauze sponge wet with papaverine in saline (1.0 mg/mL) which will not reach the endothelium. I rarely use perioperative vasodilators although nitroglycerin is safe if the systolic blood pressure is maintained over 100 mmHg. Nitroprusside is also appropriate if needed for pressure control. Intraoperative diltiazem, touted as necessary for long term therapy but subsequently shown to be unnecessary for RA patency, may cause hypotension, atrial arrhythmia with bradycardia and hypocontractility and I have avoided it. Vigorous dilation of the conduit at harvest is adequate and healthy endothelium will elaborate NO when flow is restored. For the 1% to 2% of patients with perioperative graft/coronary spasm intravenous nitroglycerin and a calcium blocker such as amlodipine are appropriate \[[@B51]\].

Concomitant with the above has been the focus on competitive flow and the obvious but over looked fact that percent stenosis is relative to vessel size and the residual lumen diameter which controls flow. Thus 90% stenosis of a 5.0 mm artery leaves a 0.88 mm lumen which carries significant flow. The other difficulty is the limitation of visual assessment of an angiographic image which is improved by quantitative angiography but this is not always available \[[@B28]\]. Furthermore, complexity of the lesion, compounded by linearity or several lesions, may be impossible to appreciate angiographically/visually. Fortunately a physiologic methodology, fractional flow reserve, became available in the 1990\'s and is proven for determining hemodynamic significance (flow restriction) of a stenosis and appropriateness of percutaneous intervention and coronary bypass \[[@B52]-[@B54]\].

More recent data indicate excellent patency of 95% at one year and 80% at 10 years \[[@B55],[@B56]\]. One report of 57 patients with the GEA grafted to the aorta obtained 95.7% patency at a mean of 77 months (range, 35 to 100 months) \[[@B57]\]. Although the authors opined that anastomosis of the GEA vein to the right atrium was in part responsible for their excellent patency there was no control group and it is more likely that improved in-flow and perhaps greater coronary stenosis, although not stated, were contributory and that if skeletonization had been used the vein anastomosis would be a nonissue. With regard to the free GEA when used as a composite Y-graft to the lateral wall its patency was equal to the right ITA (97.7% vs. 96.5%, p=0.251) \[[@B55]\].

INFERIOR EPIGASTRIC ARTERY
==========================

The IEA was first used in 1987 and reported in 1990 \[[@B58]\]. Chronologically this was at the time of GEA introduction and rebirth of the RA when we were searching for arterial conduits to supplement the left ITA, or both ITA\'s, to achieve all arterial revascularization. Like the ITA this is a bilateral structure and unlike the GEA it is harvested without entering another body cavity. In our efforts to achieve all arterial revascularization we harvested bilateral ITA and IEA grafts in 17 patients two of whom developed abdominal wall necrosis \[[@B59]\]. Our total experience with IEA grafting was 108 patients from 1990 to 1992 with 91 having one IEA taken and one (19%) or two (81%) ITA\'s \[[@B60]\]. No patient with bilateral ITA and single IEA mobilization developed abdominal wall ischemia. To my knowledge others have not reported this complication. I have not revisited the IEA, not because I disapprove of it, but because my interest shifted to the RA at that time which was more attractive by virtue of greater consistency in length and diameter as well as simultaneous harvest with the ITA and by a surgical assistant. Other than the experience of Puig and that in Belgium and Montreal the use of this conduit has been small \[[@B61]-[@B63]\].

1) Inferior epigastric artery harvesting
----------------------------------------

A midline incision below the umbilicus to symphysis pubis will access both IEA\'s but if only one is needed an incision centered over the rectus muscle is more convenient. The rectus sheath is opened longitudinally in its midpoint or a bit lateral and the muscle dissected from either medial or lateral with lateral preferable as the artery approaches the sheath from a posterolateral course. Usually the artery lies outside the muscle against the posterior wall of the sheath but may enter the muscle which renders dissection difficult. It may also bifurcate in which case it becomes too small to serve as a graft. Mobilization continues to the umbilicus and the artery may then be divided and proximal dissection continued as the artery leaves the sheath and enters preperitoneal fat and courses to its origin from the external iliac artery proximal to the inguinal ligament. The most proximal portion may be atherosclerotic in 20% to 25% and occasionally with calcification. The usual length is 10 to 15 cm but shortened by bifurcation or intramuscular position. The artery is filled with heparinized blood containing papaverine 0.5 mg/mL and stored in the blood or saline solution at room temperature. Topical papaverine in saline may be sprayed on the artery during harvest.

Wound hematoma has occurred so that closure is best delayed until heparin is reversed and closed suction drainage may be useful \[[@B61],[@B63]\]. Wound infection is rare, hematoma may require drainage and incisional hernia has been reported \[[@B62],[@B63]\]. The role of the ITA\'s and also IEA\'s as collateral to the lower extremities in patients with severe peripheral vascular disease has long been recognized and precludes harvest. The contribution of the IEA\'s to sternal perfusion after bilateral ITA harvest has been noted \[[@B64]\].

2) Inferior epigastric artery grafting
--------------------------------------

Initial use of the IEA was as an aortocoronary graft. The proximal anastomosis is problematic because of the usual smaller diameter so that anastomosis via an intermediary (vein hood, vein, or pericardial patch) is useful. Use is limited by length which is adequate for the LAD, marginal, and sometimes the posterior descending artery. Thus the contribution by Calafiore is valuable as it solves the proximal anastomosis problem and also length issues by adding approximately 10 cm to the effective length of the IEA \[[@B9],[@B65]\]. Another option is end-to-end anastomosis to an *in situ* ITA to reach more distal targets or two IEA\'s may be linked to create a longer graft.

3) Inferior epigastric artery patency
-------------------------------------

Buche et al. \[[@B65]\] reported 92% (44/48) patency at 8.5 months and 97% (28/29) at 25 months. Puig et al. \[[@B61]\] achieved 87.5% (14/16) patency at a mean of 81.2 months. Composite grafting based on the left ITA achieved 100% (25/25) patency at greater than 12 months postoperatively \[[@B66]\]. Flow data are lacking.

SELDOM USED ARTERIAL GRAFTS
===========================

In addition to the arteries discussed with which there is a sizable experience there are arteries from the forearm, chest wall, abdomen, and thigh which have been infrequently utilized for myocardial revascularization and often by only one group or several groups with only a few cases.

1) Splenic artery
-----------------

Historically of interest because it was reported in 1973 it has been used both *in situ* and free \[[@B67],[@B68]\]. Harvest is difficult with the risk of pancreatic injury and limitations of length, friability of intima and lacking follow-up \[[@B68]\]. It has been used in reoperations, for off-pump and as a composite \[[@B68]\].

2) Ulnar artery
---------------

One report of 25 cases over six years from a group with extensive experience using the RA provides a measured and mature viewpoint of the ulnar artery (UA) \[[@B69]\]. Although the RA may be removed in most patients without creating hand ischemia there are a few in whom this is not feasible and for them the UA is an option. Harvest is more difficult than for the RA in part because of the adjacent ulnar nerve and 1/25 patients had persistent nerve ischemia so that harvesting is best done by a surgeon \[[@B69]\]. Although the authors describe 25 patients having UA harvest only 15/18 of harvested UA\'s were satisfactory with an average length of 15 cm and employed in the same fashion as the RA \[[@B69]\]. The thick muscular wall requires spasmolytic therapy as for the RA. Although clinical results have been good there are neither long-term clinical data nor angiographic follow-up supporting the UA and the authors recommend its use only in the absence of other arterial conduits \[[@B69]\].

3) Lateral circumflex femoral artery
------------------------------------

The descending branch of the lateral circumflex femoral artery descends posterolateral to the rectus femoris and along the anterior border of the vastus lateralis muscle and eventually anastomoses with the lateral superior genicular branch of the popliteal artery which provides collateral circulation to the leg in instances of femoropopliteal artery stenosis or occlusion and precludes its harvesting in this circumstance. It is employed as other free arterial grafts of moderate length (range, 10 to 17 cm) and is a muscular artery requiring smooth muscle relaxants. In 147 patients the one year patency was 97.5% and at three years it was 93.7% in 48 patients \[[@B70]\]. One confirmatory experience found 85% patency in 21 grafts early postoperatively \[[@B71]\].

4) Subscapsular thoracodorsal artery
------------------------------------

The primary experience with this conduit was from Mills who used it in five cases of reoperative coronary bypass via a left thoracotomy \[[@B72]\]. In two case reports a sternotomy was used for reoperative CAB in one and minimally invasive direct CAB for an initial operation in the other \[[@B72]\]. If a left thoracotomy is not used then the optimal approach to the subscapsular thoracodorsal artery (STA) is via an axillary incision \[[@B73]\]. Mills anastomosed the STA to the descending aorta which may require a pericardial patch; otherwise composite grafting is necessary for this short graft (range, 10 to 12 cm). Three of Mills\' patient had angiographic follow-up at one week to four years with patent grafts.

5) Inferior mesenteric artery
-----------------------------

The reported experience with this conduit comprises four cases with good clinical outcomes in all and angiography at 5 and 31 months in 2/4 revealing patent grafts \[[@B74],[@B75]\]. I would have no enthusiasm for inferior mesenteric artery harvest because of fear of colonic ischemia and the need for prior angiography to assure good patency of the superior mesenteric artery as well as freedom from prior laparotomy.

6) Intercostal artery
---------------------

There has not been use of this artery for coronary bypass although a few have speculated about this possibility. It has been used *in situ* to revascularize the bronchial artery in lung transplantation.

CONCLUSION
==========

The RA has become the most common arterial conduit after the ITA\'s and in some instances may be preferable to the right ITA. One fairly obvious situation is the morbidly obese diabetic where the incidence of sternal infection remains elevated despite the lowered risk of infection in non-morbidly diabetics having skeletonized ITA harvest. It is also appropriate in the presence of severe peripheral vascular disease where healing of leg incisions may be compromised or there is the need to utilize the vein for vascular reconstruction. The accumulating data indicate that RA patency is better than for vein grafts but this is not true for the right coronary without a severe (90%) stenosis in which the vein is the graft of choice.

Limited data suggest that GEA patency is equal to that of the RA and perhaps even better. The RA is advantaged by concomitant harvest (with ITA) and by a surgical assistant and having more consistent length and diameter. The data support utilization of the GEA and some would select it over the RA including greater use as a free graft. The IEA was used more often in the first decade and has little use at this time but appears to have acceptable patency from the aorta or as a composite graft. Application of the other arterial conduits is largely anecdotal but occasionally helpful.

No potential conflict of interest relevant to this article was reported.

![The anastomosis of the radial artery (RA) to the posterior aspect (smooth side) of the left internal thoracic artery (ITA) is best accomplished before canulation for bypass, although some wait until after completion of distal anastomosis(es), and lies at the approximate level of the left atrial appendage at the point where the ITA enters the pericardial space and is measured and marked on the pedicle. The pedicle is rotated 180 degrees and may be suspended by two sutures in the midline to avoid transmitted cardiac motion. (A) A 5 mm incision in the ITA is matched by a shorter one in the RA and suturing initiated at the heel with 7-0 polypropylene. (B) The far side of the anastomosis is completed through the toe and (C) the near side completed with one or both suture limbs. (D) Tacking sutures of the same material are placed from pedicle tissue through adventitia of the RA in a triangular fashion to relieve stress at the toe and heel where we experienced leaks in the first 50 patients but none subsequently. The proximal bull dog clamp is released, having given heparin before the anastomosis, to check hemostasis and the grafts filled with blood containing papaverine (0.5 mg/mL) and allowed to dilate with arterial pressure. After cannulation and before initiation of bypass the grafts are checked visually for dilation and by observing free flow. If these are not adequate the grafts are refilled with papaverine. The \"T-anastomosis was described by Tector et al. \[[@B11]\] and presumably describes the configuration of the conduits when definitively positioned (Reproduced from Edmunds LH. Cardiac surgery in the adult. New York: McGraw-Hill; 1997, with permission from the McGraw-Hill Companies) \[[@B13]\].](kjtcs-46-165-g001){#F1}
